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ABSTRACT

The results of an experimeantal study of the heat transfer
below normally impinging Jets are presented, These results are
ccrrelated on the basis ot the local mean flow and turbulent
characteristics of the free jet that would exist in the plane of
impingement were this plane to be removed., In order to make
these local correlations possible, a rather extensive survey of
the turbulent characteristics of the free jet used in the
experiments s made that can be used in connection with previous
studies of the local mean character of the jet. On the basis of
the method of local correiations which is developed, a ratlonale
for computing heat transfer distributions below impinging Jjets
1s suggested,
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1, INTROLUCTION

The research that wlll be described in this report is part
of a general study of the relationship between the local
properties of axlally symmetric free Jets and the flows that
result when such jets impinge upon a surface {1, 2]. One
obJective of this total program has been to gain an understanding
of the heat transfer that results when the stagnation temperature
of such a jJet is different from that of the surface upon which
ic impinges.

If a laminar free Jet impinges normalliy on a flat plate and
if the flow is steady, the stagnation point heat transfer can be
computed if one has a knowledge of the molecular transport
properties of . .e gas in question, the centerline stagnation
enthalpy of the Jet, the temperature of the pliate, and the
pressure distribution in the region of impingement. The compu-
tation can be made since exact sclutions of the Navier-Stokes
equations can be obtained for laminar stagnation points., The key
to obtaining such 2 solution is a knowleage of the stagnation
point velocity gradient. For most Reynolds numbers of interest,
this parameter may be determined from the measured pressure
distribution in the region of impingement. Much attention has
been given in the ARAP rcports referenced above to relating this
heat transfer parameter to the local mean properties that a free
Jet would have in the plane of impingement if the surface on
which impingement takes place were removed.,

Unfortunately, most free jets of practical importance are
not laminar but are turbulent, and we are led to the problem of
the erfect of turbulence on stagnation point heat transfer.

Over the past twenty years, a number of studies have been carried
out on the effects of free stream turbulence on heat transfer

[3 - 12). The must recent of these studies have considered in
detail the heat transfer in the vicinity of the stagnation line
of cylinders placed norrnal to a turbulent air stream. In general,
for relative turbulent intensities that are less than 10 percent
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and for cylinaers (two-dimensicnal flow), it has been found that
stagnation heat transfer 1lncreases linearly with turbulence
intensity, with ‘he slope of thle linear increase being larger
with increase in Reynolds number, Unfortunately, there are large
discrepancies among the slopes found by various investigators.

The data are not sufficiently complete to enable the cause of
these discrepancies to bte determined at the present time, although
it has been demonstrated [8] that the ratio of the integral scale
of the turbulence to the dizmeter of the cylinder can be an
important additi

In the case cof heat transfer to spheres (axisymmetric flow),
there 1s not so much information, but that which exists in the
literature, as well as soine unpublished results made available to
the authors by Professor F, Costello;*indicates that the effect
of turbulence on stagnation point heating in axisymmetric flcw
is less for small turbulence levels than for two-dimensional flow,
In spite of all the guantitative uncertainty which is found 1n the
data, it dcec appear that the best method of handling the compu-
tation of stagnation point heating in the presence of turbulence
is to compute the normal laminar stagnation point heat transfer
rate and then to apply a correction factor which is a functicn of
the Iree stream turbulence level, an appropriate Reynolds number,
and the ratio of the integral scale of the turbulence to the
iength used in defining Reynolds numnber, Correction factors as
high as 1.8 for turbulence levels as low as 2,7 percent have been
reported in tne literature [11].

In considering the heat transfer to a surface due to the
impingement of a turbulent jet, it was decided, in the present
study, that the correction factor methtod outlined above should
be used 1n trying to correlate the stagnation point heat transfer
rates which were to be measured, To acdopt this approach requires
that detailed measurements of the turbulent character of the jet

*Department of Mechanical and Aerospace Engineering, University
of Delaware
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studied in {1] be made, Thus a considerable pcrtion of this
repcert will be devoted to the rdetermination of the Jjec micru-
structure,

In addition to the usual measurements of turbulent velocity
correlations and thelr spectra, measurements were also made of the
fluctuation of total pressure on the centerline of the free jet
and at the stagnation peint for the case of jet 1lmpingement,

Since ve are primarily interested in the distribution of heat
transfer wader an impinging free jet, tlie remainder of the results
presented in what follows are concerned with measurements of the
heat transfer from a heated flat plate to a cooler jJet which
impinges normally. In particular, we will, following the procedure
of [1,2], attempt to correlate the resulting local heat transfer
rates with the properties of the free jet in the plane of impinge-~
ment, an appropriate local temperature difference, and the distance
from the point of iwmpingement made nondimensicinal with respect to
the half-breadtn r5 of the free jet in the plane of impingement,

Refore going on to present these results, a review of some
previous work on impingement heat transfer is in order, Untili
quite recently, very little information on the details of Jjet
impingement heat transfer existed, However, within the past flve
or six years several most useful studies have been made, Vlickers
[13] studied the local heat transfer coefficlents due to a lamlnar
axisymmetric fluid jet impinging normaliy on a flat surface,
Results are presented for Reynolds numbers based on the Jjet exit
veleccity and diameter {rom 250 to 950 and for impingement
distances 8 < z/dy < 20.* Gardon and Cobonpue [14] measured
local heat transfer coefficilents for both single and multiple
circular turbulent jets, Reynolds numbers varied from 7 X 103
to 1,12 x 10° and the range of z/dy studied was 1.5 < z/dy
< 50 , It is interesting to note the variation of stagnation

*The notation used in this report for the jet axis system and
velocity components differs fromn that used in {1, 2]. The
present system, which 18 convenlent for expressing turbulence
parameters in an axisymmetric flow, is shown in the Appendix,
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poirt heat transrer with z/ﬁN reported in this work for single
Jets, In Fig, 1.1 we have reproduced the pertinent figure from
Gardon and Cokonpue's pape, Note the large variation in heat
transfer between z/dN = 1,5 and z/dN =15 , This is primarily
due to the variatien in the stagnation poiat velocity gradient
(due/dr)p-n as a result of the elimination of the potential core
and formation of a developed jet., This may be seen by comparing
the results shown in Fig, 1.1 with the results shown in Fig, 1.2
which is taken from [1],

Huang {15] also studied the heat transfer below an impinging
axlally symmetric Jet, Measurements were made for impingement
distances irom z/dN =1 to z/dN = 12 and for the region 3
0< r/dN.< 20, Jet Reynolds numbers were varied from 103 to 10" ,
Huang does not *ndicate a variation of staznation point heat
transrer coefficient with z/dN for the range 1 < z/dN < 12
where slgnificant variations were observed by Gardon and Cobonpue,
This result i1s protably due to the lower Reynolds nunbers at which
these data were taken, as might be expected from an inspection
of Fig., 1.1,

Gardon and Akfirat [16, 17] report measurements of local heat
tranzfer below two-dimensional slot Jets impinging on a flat plate,
The range of Reynolds numbers (based on slot velocity and slot
breaith by ) was from 450 te 50,000, These data show tiae rapid
varistion of heat transfer with z/bN in the range 1 < z/bN < 15
due to the elimination of the potential core anu formation of a
deveicped Jet, as hag been discussed above, The effect, however,
appears to be somewhat more pronounced in two-dimensional Jets
than it 13 in axisymmetric jets, Of cons!derable importaace 1s
the oiLcervation by Garden and Akfirat that increasing the initial
turbulence level of the jJet increased the stagnhaticn point heat
tranafer in the core region (z/bN x 2), In parsicuiar, by
Incr:-asing the turbulence intensity from 2.5 percent to 6 and 18
percent through the uce of turbulence promoters, th: heat transfer
was 1ncreased over its vaiue for 2,5 percent intensity by 1,2
and 1,7 times, respectively,
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0!'Connor, Comfort, and Cass {18] have mecasured the heat
transfer below an impinging arc jet at distances such that
6 < z/’dN < 2C and at Reynolds numbers from 8 X 103 to 1.8 x 104.
In this wurk a detailed study of the mean structure of the free
Jet was carried out so tnat the stagnation point heat transfers
might be compared with appropriate computations made for a laminas
stagnation point having the same velocity gradient (du,/dr), g .
The result when such a comparison was made was that the theoretical
prediction was low by a factor of the order of 2.

The factor of 2 found by O!Connor, et al is, as will be seen
in what f2llows, roughly equal to the factor found in the
measurements reported here for fully developed Jets. According
to the philosophy that has been adopted, this factor must be
ascribed to the exlstence of turbulence in the fully developed
impinging Jet.

A3z found in the studies referred to above, the general
character of the heat transfer that results from impinging jets
is quite dependent on tiie jet Reynolds number as well as the
position of impingement relative to the core, For fully developed
Jets, the stagnation point heat transfer is found to be propor-
tional to the square root ¢f the local free jet Reynolds number
Re5 = pcwch/',Lc times a factor of the order of unity which
accounts feor the effect of jet turbulence, Away from the stagna-
tion point, under the wall jet which develops on the impingement
surface, the heat transfer is found to be proportional to the
eight-tenths power of the local free jet Reynolds number, The
different dependence of these two heat transfers on Reynolds
number causes the relative magnitudes cf stagnation point heat
transfers and wall jet heat transfers to vary over wide ranges
with Reynolds number, A plot of the Nusselt number dr5/kAT
divided by the eight-tenths power of the Reynolds number Re5
versus r/r5 for several values of Re5 has, in generzl, the
character shown in Fig, 1,3, Note that fer small Reynolds number
the stagnation point heat transfer is large compared to the wall
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Jet heat transfer and one observes a monotonic drop-off of heat
transfer with radius.* vhen the Reynolda number is large, on the
other hand, the stagnation point heat transfer is small compared
to the wall Jet heat trensfer and one observes an initial rise
in heat trarsfer as r/’r5 increases before observing the usual
fall-off at .arge r/r5 . In the experiments that will be
discussed in this report, the Reynolds number was such that the
break 1n the curve that occurs on transition from laminar to
turbulent flow 18 so small as to be obscured by the scatter of
the experimental data.

¥Thls behavior 1s round provided *he lmpingement takes place
sufficlently far from the nozzle so that nozzle interference
effects are not present,
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2. EXPERIMENTAL APPARATUS AND TECHNIQUE

General Description,

The Jjet apparatus used in these experiments was the same
as that used in the earlier stidies performed et ARAP on free
and impinging jets [1, 2], The Jet was produced by a convergent
nozzle with an exit diameter of .511 in., (see Fig. 2.l) using
air suppliied from a blow-down system which was capable of running
indefinitely at jet exit velocities of up to 300 ft/sec, The
sutomatic pressure regulator maintained the desired exit velocity,
in general, within %1 percent, Supporting hardware for the
probes and impingement surfaces was designed to produce a minimun
of interference with the Jet flow field,

Details of the epparatus, instrumentation, and techniques
used in measuring the turbulence, fluctuating pressure, and heat
transfer chiaracteristics of the Jet are given in the following
sections,

Free Jet Turbulence Measurements,

Apparatus and instrumentation, Measurements of the turbu-
lence intensities and shear stress in the free jet were made
using a Thermo-Systems linearized, constant temperature, hot film
anemometer, A block diagram of this instrumentation is shown 1in
Fig. 2.2, The basic elements in this system are two Model 1010
Thermo-Systems anemometers with two Model 1035 linearizers, An
x-probe was used with 0,001-in, diameter platinum film sensors,
In Fig, 2.1, this probe is shown mounted in the Jet on a
traversing mechanism, Signals from the sensor were fed through
the anemometer and linearizer which produced an output voltage
proportional to the instantaneous velocity at the sensor, Mean
velocity values were determined by feeding the linearizer output
directly to an electroric integrator, Root-mean-square values
of the fluctuating quantities were determined by feeding the
linearizer output through a sum-difference network and a
Ballantine Model 320A true rms voltmeter, Such & meter, of
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Flgure 2.,1. Photograph of nozzle and hot film X-probe,
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course, responds only %o the fluctuating porticn of the signal.
A dc output signal propcrtional tc the mean square from the rms
voltmeter was then integrated electronically, The sum-difference
network and the electronic integrator were designed and built
at ARAP,
12 12

One-dimensional energy sprectra of w and u were

measured on the jet centerline using a Hewlett-Packard Model

302A wave analyzer The analyzer has a fixed bandwidth of 8 Hz
and a range of 20-50,000 Hz,

Technique, Radlal surveys were made by traversing the prcbe
across the Jet from edge-to-edge in a vertical plane through the
Jet centerline, Proper alignment with the centerline was
achieved with the aid of a four-tube Pitot array which could be
mounted on the shaft of the x-probe, The x-probe was aligned at
the exact center of the Pitot ariray and the position of the probe
was adJusted until all four Pitot tubes gave the same response on
a multirle manometer, The x-probe was then assumea to be on the
Jet mean centerline and the Pitot array was removed,

The measurements of turbulent shear stress were made by
traversing the jJet twice, once with the probe in its "normal"
position and cnce with the probe "inverted" or rotated about its
axis 180° , The average of the two profiles produced was taken
to represent the actual measured shear stress distribution. This
technique, of course, serves, in an axisymmetric flow, to elimi-
nate the error caused when x-probe sensors have different angles
relative to the mean flcw 25 long as the axis about which the
probe is rotated is parzllel to the mean flow, An alignment check
showed that the probe shaft was parallel with the Jet centerline
within 0.2° ., The equal oprosing symmetries of the measured
profiles confirmed that this was a negligible alignment error,
The degree to which the resulting measurement actually represents
the true shear stress distribution is limited by further consid-
erations, namely, effects of intermitten:y in the flow and
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nonlinear response of the sensor (see Rose [19]). In the present
case, no corrections for these effects were applied,

Measurements of Fluctuating Stagnation Pressure,

Apparatus and instrumentation, The measurement of fluctuating
stagnation pressures leveis in the free and impinging jet was
accomplished using a Bruel and Kjaer condensor microphcene Model
4136 with matching cathoce follower and microphone amplifier
Mcdel 2603, Signals from the microphone amplifier were fed to
the wave analyzer and integrating circuitry used in the turbulence
measuremnents, A block diagram of this system is shown in Fig,2.3.

Pressure level measurements were made on the centerline of
the free and impinging jets by exposing the microphone diaphragm
to the oncoming flow through a small probe tube. Since a primary
consideration in the design of the probe was minimum flow inter-
ference, the smaliest available microphone of the desired
performance charasteristics was used, The B&K 4136 has a
diaphragm 0,234 in, in diameter, a sensitivity of 89.0 upvolts/ubar,
and a flat frequency response from 25 to 80,000 Hz, A special
enclosure was designed for the microphone cartridge and cathode
follower assembly, Detailed drawings of the assembly and mounting
are shown in Fig. 2.4, The design of the microphone enclosure and
the probe tube involved a compromise among several factors in
addition to minimum flow interference, The tube leading to the
diaphragm had to be large enough in dlameter and short enough in
length not to cause excessive attenuation of the pressure signals
and, at the same time, had to be stiff enough so that its natural
frequency was not in the frequency range of interest. Because of
the exposurs of the microphone diaphragm to the full dynamic
pressure of the flow, it was alsc necessary to provide an addi-
tional path to allow for the equalization of the mean pressure on
the front and rear surfaces of the diaphragm, If the pressure
equalization hole in tne B&XK 4136, located on the side behind the
threads of the microphonre grid cap, had merely been exposed to the
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static pressure, the resulting mean pressure imbalance across the
diapiiragm would have seriously altered thz microphonets frequency
response, Therefore, an outer concentric tube was mounted around
the inner micrcphone tube and connected to a chamber within the
microphcne enclosure which led to the equalization hole at the
rear of the cartridge. The chamber itself was sealed from the
static pressure outside the enciosure with an "O" ring, The inner
tube was mounted in a solid B&K 4136 grid cap (i.e., one without
slots) which facilitated attacrment to the cartridge, The natural
frequency of the outer Zube, considered as a cantilever and
without the stiffening effect of the inner tube, was calculated

to be about 24,000 H:, well above the range of interest, The
theoretical fundamental "organ pipe" resonant frequency of the
inner tube was about 2WUO0 Hz, Although this falls within the
range of interest, its presence could not be detected during
elther the probe calibrations or the spectral measurements,

Because of the nonuniform frequency response of the probe
tube, it was necessary to determine the cver-all fluctuating
pressure levels by making spectral meazurements and integrating
them over the rang= of interest after applying a probe tube
correction at each fregquency,

The frequency response characteristics of the microphone
probe assembly were determined by mounting the probe with its
tube through the wall ol a 2-cubic centimeter coupling chamber in
wnich a calibrated sound source was produced.* The actual
response curve for this assembly is shown in Fig, 2.5 as the ratioc
cf the output voltage of the microphone cartridge to the voltage
3quivalent of the sound applied at the end of the tube,

For the measurements in the free jet, the microphone was
clamped rigidly in position on the traversing mechanism shown in
Fig, 2.1, The impinging jet measurements were performed using

*The authors wish to thank Professor E, G, Wever and members of
the staff of the Auditory Research Laboratory at Princeton
Unlversity for their help in performing this calibration.
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the same microphone probe assembly. In this case, however, the
probe tube was fitted snugly into a hole at the center of a
1/2-in, thick aluminum plate and positioned flush with the
surface, The adapter plece and cathode follower were supported
rizidly at the rear of the plate, The plate itself was held in
the adjustable mounting jig shown in Fig, 2.8,

Technique. The measurements of spectra at each location were
macée with the Jet stabllized at the desired velocity and running
continuously during the scan of the frequency range, In general,
the range in which data were taken was from 100 Hz to 10,000 Hz,
At each frequency, the signal was integrated for an appropriate
time and the range settings of each element in the system were
recorded, Calibrations were made of the effective gain constanis
of the microghone amplifier, wave aralyzer, and rms meter-integrator
system f'or the various combinations of range settings. These
constants were applled %. the integrated output along with the
microphone and probe calibration constaints in order to arrive at
the actual spectral sound pressure level in the flow., A separate
set of measurements was made with the microphone tube blocked in
order to determine the level of noise due to mechanical vibration
and other sources, Since the highest valus of such nolse was
less than one percent of the sound level measured with the tube
open, the spectral levels were not corrected, T2 ueasured
spect 2 were then integrated graphically to give the over-all
sounid pressure levels,

Heat Transfer Measurements,

Introduction, The measurements of convective heat tranaifer
coefficients were made with the cold Jjet impinging or. a flat,
circular heated plate containing 14 flush-mounted calorimeter
disks with thermocouples attached, The initial portion of the
re.orded temperature-time response of each thermocouple was used
to determine the heat transfer at that point by matching tne
response with a suitable analytical expression,
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In the design of the plate, the usual conslderations for
establishing the most valid behavior of the calorimeters were
taken into account (see, e.g,, [20-22]). The plate itself and
the calorimeters were of the same material, so that conductive
heat fluxes due to temperature gradients or differing thermal
properties along the plate surface could be minimized, At the
same time, the plate and the calorimeters were thin enough to
assure negligible internal thermal resistance to heat flux normal
to the surface, In order to minimize conductive heat loss from
the back, the plate was mounted on a rigid pilece of insulating
meterial of low density, thermal cornductivity, and heat capacity,
Finally, the calorimeter gages were thermally insulated from the
surrounding surface by a ring of low conductivity material, The
diameter of this ring was kept as small as possible compared to
the diameter of the gage in order to minimize any effects due to
lack of thermal continuity of the surface, At the same time, of
course, the insulation had to be sufficiently thick to minimize
conductive heat transfer along the surface between the gage and
the surrounding surface,

Apparatus and instrumentation, 'The heat transfer plate
conzisted of a copper sheet ,015 in, thick and 12 in, in dlameter
bon“ed to an insulating back-up plate of rigid polyurethane foam
1 1. thick (see Fig, 2.6). The foam used was Emerson and
Cum’ng "Eccofoam SH", a material designed for use at temperatures
up to 4OOOF, Its density was 8 1b/ft3 and its thermal conductiv-
1ty vas ,020 Btu/hr—fte-oF/ft. The copper was bonded to the foam
usin ; 3 high temperature epoxy adhesive, Emerson and Cuming
"Ez.. bond 106", This material was used because of its flexibility
at high temperatures which permits the bonding of materials having
dissimilar coefficients of expansion. In making the bond, &
mininum of adhesive was used to minimize changes in the insulating
performance of the foam,

The calorimeter gages were small copper disks, .0l15 in.thick
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and 3/16 in, in diameter, Each disk ccatalned a copper-constantan
thermocourle jJ''nction at the center, The ,010-in, dlameter thermo-
courle wires ‘1-ve fustenec by lnserting them into holes drilled

in ¢he back =7 cach disit end then soldering them to the disk with
a m* imum ouancity of solcder, Each calorimeter was mounted in &
holc 1/4 in, in cdiemeter in the copper plate, thus leaving a
circtlar gap 1/22 in, wide around each gage, This gap was filled
witi: a high tenperature pack-in-place epoxy foam, Emerson and
Cuming "Eccofoam DPT", 1This material has a density of about

18 1ts/ft3 and a thermal conductivity of .025 Btu/hr-f°-FO/ft.
The surface texture of this fine-grain materlal was esmooth enough
not to produce boundary layer effects due to changes in surface
roug..ness near the goges,

.~ ~use 1t was necessary to know the exact mass of each
rilorimeter gace, it was decided to weigh each disk prior to
asscnnly.  This dictated that the gages be mounted flush with the
plcte surface init’ally rather than making them flush after
assembly by machini-g the entire surface, The latter procedure
wouid have required that the gages be weighed after disassembly,
The method devised for flush-mounting each gage and for the final
assembly is described below,

The 1/4-in, holes in the copper sheet were drilled undersize
and then finished w'th an end mill tool while the sheet was held
claipred between two szluminum plates, This method produced holes
with.cut burrs or dents which required no further finishing. The
drilled copper shee’ was then clamped face down on a rigid jig
plate and the gages with wires attached were pcsitioned at the
centor of each hole., A special spring-loaded lig assembly (see
Fig. 2.7) was used to holc¢ each gage firmly against the jig plate,
An outer clamping ring held the copper sheet against the jig
plate around each gnge. The pack-in-place epoxy material was
ther. tamped into each ring-shaped gap from above and cured in an
oven, The clamping jigs were then remov:=d and a cylindrical
piece of SH foam {see Fig, 2.6) was bonded in place at the back
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of each gage using "Eccobona 106", These pleces served to rein-
force the gages curing the final assembly while maintaining the
continulty of the back-up insulation layer, The final step was
the bonding of the plate to the 1-in, SH foam sheet with the
reqt.red hcles cut to accomodate the gage reinforcing pileces,

A sl ght bowlnhz due to elcessive shrinkage of the foam during
cur.ng of the bond material was corrected bty bonding the rear
surface of the foam to a 1/4-in, thick aluminum plate.

Before final assembly, elght pressure taps were drilled in a
symnctrical pattern around the center of the copper plate to
provide a check on the alignment of the plate in the flow.

A heater was designed which could be held against the surface
of the test plate and then removed suddenly when the surface
reached the desired temperature, This heater consisted of a
¢lircular, burled-element, electric heating pad, 12 in, 1n dlameter
and 1/16 in, thick, bonded to a baclking sheet of flexible silicone
rubber foam "Eccofoam SR", 1/4 in. thicic, and an insulating layer
of "Eccofoam SH", 1/2 in, thick., The heating pad, manufactured
by wWatlow Electric Company of California, was made of glass-cloth
relnfcrced silicone rubber, The heater assembly was mounted on
the end of a pivoted arm so that i1t could be removed quickly from
the vicinity of the plate, Another piveted arm was used to
deflect the jet strcam until after the heater was removed,

The output of cach thermocouple was recorded directly on a
Mod=1 906C Honeywell "Visicorder" oscillograph, The thermocouple
cold reference junciion was maintailned at 32°F in an ice bath,
and the response of the oscillograph galvanometers was callbrated
uslng a separate thermocouple junction at the same point in the
circult at which the gages were finally attached, Calibration
was made at 2129F and room temperature (70°F) by comparison with
the response of a Thermo Electric "Mini Mite" portable pyrometer,

Two vliews of the complete heat transfer apparatus are shown
din B, 2s8)
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Calibraticn of heat transfer gages, Prior to assembly of
the heat transfer plate, the desired resgonre of the gages was
verified by tests using a radiant heat input to produce a
predictable gage response, For this purpose, a single gage
assembly was made and mounted exactly as were the 14 gages in
the niate, The copper sheet surrounding the gage was 2 in,.square.,
Anotuier gage,identical but unmounted, was also prepared in order
to measure the heat input, This gage was blackened with lamp-
black to insure an emissivity of unity, It was held only by its
thermocouple leads and exposed to the beam of three infrared
heat lamps,

It was assumed that the response of the calibration gage was
governed by the followlng differential equation:

aT,

w [
mcp at = qin

- hAc(Tw - To) - oeAr(Tﬁ - TL‘) (2.1)
where
m = mass of the gage disk = ,060 gm
¢_ = specific heat of copper
T, = gage temperature
Tb = ambient temperature
Qi = unknown heat flux input
h = convective heat transfer coefficient
A, = area of gage subjected to convective cooling
A, = area of gage subjected to radiative cooling
o = Poltzmann constant
€ = emissivity of gage (= 1 for lampblack coating)

Using Eq. (2.1) and the measured response dT/dt , the
values of &in and h were determined. It was found that the
reradiation heat transfer was negligible,

Having obtained the values of éin and h 1in the radiant
test environment, the mounted gage was also black=ned and mounted
at the same peint in this environment. The measured response of
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the mounted gage (temperature change as a function of time) was
found to agree with that computed using Eq., (2.1) within 5 per-
cent af'ter 2 seconds.

In order to estimate the magnitude of aifferences among the
14 gages in the plate without having to calibrate each one
separately, three additional gages were made in the same way and
tested inn the heat lamp beam, Each gage was heated by the lamps
repeatecdly and the response curves were recorded, It was found
that the initial slopes of these response curves for each gage
were repeatable within 6, 8, and 12 percent, After 10 seconds,
the magnituces of the responses were repeatable within 6, 4, and
3 percent, A comparison of the average initial slope of all
three gages showed a spread of 11 percent, It was assumed that
a simllar cegree of accuracy would be expected for other gages
constructed in this manner,

Procedure for maxirnrg heat transfer measurements, The

impingement heat transif'er measurenents were made using the
following prccedure, The heating pad was first brought to a
temperature slightly below its maximum operating temperature
(450°F) and then applied to the surface of the test plate. The
air jet was started and stabilized at the desired exit velocity.
Wren the plate temgeratvre approached the desired value, usually
about 225°F, the i'ecor.cr naper was started and the jet deflector
wec put in place, The heating paa was liftec away from the plate
ard the Jjet deflector removed about uite or two seconds later,

Tre terperature-time response was then recoraed, Since only
tr:zece gealvonometer channels were available on the recorder, seven
runs were required to cover all il gages fur a given implngement
flow condition with the center gage repeated for reference on
each run, N
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3. EXPERIMENTAL RESULTS - VELOCITY MEASUREMENTS

Free Jet Measurements,

The results of surveys of the {ree jet used irn this study
are presented balow., Most of the detailed hot film surveys of
turbulent phenomena were carried out at jet velocities of
200 ft/sec, This resulted in an initial jet Reynolds number
Red of 5,2 X 104 . Although, as will be seen, certaln spot
checks at other velocities showed slight variations of pertinent
parameters from the values measured at 200 ft/sec, the Reynolds
number was sufficiently high for the surveys made so that the
general character of the turbulence did not change with further
increase in velocity. Complete Jet surveys vwere made at axial
statlons z/dy of 10, 20, 20, 40, and 50, Certain other local
messurements were made so as to have complete data on certain
variables altihough no detailed surveys were made at these
stations, Only certain typical portions of tne total amount of
data obtained will be presented below,

Mean quantities, In the process of surveying with hot film
anemoneters the free jet reported in [1], certaln mean flow
quantities were measured, It i3 instructive to compare thece
mean flow measurements with those reportec in [1] wiich were
obtained syrith a Pitat tuve,

Flgure 3,1 is a plot of the decay ci the mean axial velocity
on the cernterline or the free Jet as a function of distance from
the nczzlec exit, It may e seen that the agreement btetween hot
filu and Pitot tube meacurements of Jet centerline velocity is
exccllent, Figure 3,2 shovis the results of a typical radial
survey ol axial velocity., Over the central portion of the Jet
the agrcement between hot film and Pitot tube techniques is
excellent, There is, houwever, a tendency for the Fitot tube to
undercestimate the veloclties at the outer edges of the jet,
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This results, as may be zeen, in there being two measured half-
breadths at a point in a giver Jet., The difference is not large
(only some 5 percent). As ay be seen from Fig, 3.3, which is &
nlct of jet half-breadth as & function of distance from the
nozzlie, while, typically, a Pitot tube defines a narrower half-
breadth than does a het filn probe, the half-breadths measured in
the present studies sometimes fell outside the breadth previously
defined by Pitot measnrement, Such behavior is, in all probability,
indicative of the lack of repeatability of free Jjet neasurements
in the same laboratory from one yvear to the next as a result of
subtle changes in the position and shape of nearby laboratory
equipnent related to the measurements, Finally, and for compar-
ative purposes, the two profiles shown in Fig, %,2 are replotted
in Fig, 3.4 in the nondimensional form that has been used through-
cut our studles of jet impingement, For comparison, the commonly
used Gausslan velocity profile has been included in this figure,
In the remainder of this report, the basic reference length
r5 that 1s vsed is that obtained from the hot film measurements,

Turbulent correlations. Figure 3.5 1s a plot of the behavior
of the root-mean-square turbulent velocity fluctuations in the
radlal and axial directions on the centerline of the free Jj2t.

As mentioned previously, most of the data shown were taken at

200 fi/sec, but some data taken at 200 and 500 ft/sec are also
included, This figure also shows the results of similar measure-
ments obtained by Corrsin [23], Corrsin and Uberoi [24], Lawrence
and Stickney 25}, and Gibson [26]. It 1s seen that the data are,
on tahe whole, in excellent agreement with the results of previous
investigations except for the original low Reynolds number data
cbtained by Corrsin, An interesting point may be made in connection
with the data presented in Fig, 3.5. It was observed during these
studies that the region just downstieam of the core, i,e,, the
region 10 ¢ z/dy < 25 , was particularly sensitive,in regard to
turbulence levels, to changes in nozzle velocity, Indeed, *the
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small ' mo5 observed 1n the turbulent intensity curves in this
region at 200 ft/sec (whici have not been observed hy other
investigators) may have becn due to a very slignt flapping of the
Jet being studled,

The one-dimensional spectra of the centerline ;TE and ;??
just presented were obtained at the five reference stations
z/dy = 10, 20, 30, 40, and 5. The w'? spectra for z/dy = 20,
30, 40, and 50 are plotted in Fig. 3.6, while the spectrum for
z/dN = 10 1s shown in Fig, 3.7. Careful comparison of these two
figures indicates that turbulent similarity has been acnieved at
approximately z/dN = 20, At z/dN = 10 , although from previcus
measurements [1] it was established that similarity of the mean
velocity profiles had been achieved, it is cbvious fiom a compar-
ison of the data ia Figs. 3,6 and 3.7 that turbulent similarity
is not yet achieved, The w'e spectra obtained in the developed
free jet agree well at the lower wave numbers with a similar
spectrum obtained by Aibson [20]. As might be erpected, Gibson's
cata, having been obtained at an order-of-magnitude higher

Reynolds number, do not indicate as rapid a fall-off with increasing

wave number as do the present data, Also as expected, Gibsonis
spectrum exhibits a larger region in which the ~5/3 power fall-
off typical of high Reynolds number turbulent spectra is adhered
to,

Kadial velocity spectra are shown in Fig 3.8, Again it
appears that the spectrum for z/dN = 10 has not yet achieved
similarity, 1Indeed, the general similarity of spectra for
z/dN > 10 1s notso proncunced as in the case of the w'e spectra,

* The spectra are presented in the form of normallzed power spectra
based on the nondimensicnal frequency r5k . Thus

co
T ) o ok _dw T Jf ) =
S (r5 ) and Fw . d(rbc) 1
0

where k = 21rf/wc




} . 1
E AR = AR W, = 200 ft/sec
’ ' z/dy
._ }
| 10 A 20
: o 30
§ Resm3 %104
b % ' o 40 es83 X110
i O 50
[ .
3 ; ® Gibson [26]
[ 10° ' Regn 3.5 X 105
T
) 1073 A
% &
W0 §\
o a)
us g:: vsmpeh%
1074

1077
4 107! | 10 102

0
6 Ab
10 Do \
%
A

. X ! . 5 R O
Figure 3.6, Spectra of w mensured on centerline of e k.




— " g — i x Cyw . - 7

9] o 00 :
° o
D - _
W, =200 ft/sec
Z/dN
-
10 o 10 —
)
(o)
1072 i
O
D
o Slope=-§3-
|0-3 Q
<
o 0 \
|<:*
1074
)
1075 ©
O
1076
1077
1072 107 | 10 102 10°
rs K

Figure 3.7.

-~

5 ]
Sneeura of w ©

measured on centeriine of free jet,.




' T
A Bl R
oloo B o Ct<>§>
10!
A
1072
020
o}
; /0 Slope =--53-
i0°3 W, =200 ft/sec o -
— z2/d
< N
< S
g 0 10 D%
= A 20
B A
w3 o 30 0@3
To ¢ 40 9
O 50 O
ofo
O
0
5 ° &
10 AT
@) I
O
0
IO'G Eg}
I O
/0
O \
107 - I
10 10 i 10 10 IC

. 1 1
Flgure 3.8, Spectra of u

s K

menaured on centerline of Mmcee jet,




T S S —p

-

34

Some of this lag is due to experimental error, but a portigg_of
the lag is probably due to the longer time taken for the u'?
spectra to achieve complete similarity - a result that 1is expzacted
from theoretical considerations,

Prom the w'2 spectra just presented, the integral scalc L,
of the turbulence on the cencerline of a develoved free jet may

be evaluated from the relation

L =ZF_/0) +r (3.1)
Z 2 ) 5
where FLT§_(O) is the zero intercept of the nondimensional
w
spectrum fuaction F’TE (r5k) . Estimating the zero intercepts
W

of the power spectra shown in Flg. 3.6 to be approximately C,4
results in an integral scale in the developed region of the free
Jet that is roughly 63 percent of the local half-breadth of the
Jet,

In Figs, 3.9 and 3,10, distributions of the root-mean-square
values of u'? and w'2 that are typical of a developed jet are
plotted, In Fig. 3.9 U’ anc W' are madc dimensionless using
the local mean velocity w , while in Fig. 3.10 the centerline
velocity w, 1s used. Tt will be noted in Fig. 3.10 that a
small dip appears in the magnitude of U' and W' on the axis
of the Jjet., This dip represents the last vestige of the effect
of the core region of the jet, since, in the core, the maximum
turbulent velocities are found away from the axis., The disappear-
ance of the dip in the u' and W' distributions may be taken as
another indication of the Jet having become fully developed at
z/dN =~ 20 as has previously been rnoted by Corrsin [23].

In Figs. 3.11 and 3,12 a distribution of the turtulent shear
correlation u'w' across the Jet that 1s typical of the developed
region is shown, As before, two methods of making thie stress
correlation nondimensional are depicted. In Flg. 3.12, our
measurements are compared with those of Corrsin [23] and the

agreement 1s seen to be excellent.
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At this point, it can be concluded on the basis of the
measurements just presented, that the turbulent cheracteristics
of the free jet used in ta's study azree well with turbulence
measurements made in other free Jets, 1In view of 1ts well-hehaved
microstructure, it would appear that the neat trsnefer measurements
that will be reported later should be typical of those that will
be found in free Jjets whose Reynonlds numbers are high enough for
fully developed turbulent jets to be established,

Impinging Jet Measurements.

Before the present series of tests were run, 1t was antici-
pated that the interaction between the frese jet and the surface
upon vhich it impinged mizht be such as to cause the jet to flap
significantly. If thils occurred, not only would the turbulence
level in the jet be grossly changed but the heat transfer and
pressure distributions on the plate could no longer be properly
related to the characteristics of the free jet in the plane of
impingement. In order to check on the possibiliity of such
flapping interactions, detziled measurements of the mean and
fluctuating components of velocity just unstream of the impinge-
ment plate on the centerline of the jet were made for z/dN = 10,
20, 30, 40, and 50. All surveys were made for a nozzle velocity
of 200 ft/sec. These results are given in Figs. 3.13 through
2.17. The data are plottecd both as a function of z/dy and as a
function of the distance upstream of the plate z' made nondimen-
sional with the local freze jet half-radius, It may be seen from
an inspection of Figs, 3.13 througn 3.17 that at all locations of
the impingement plate in the jet the mean and turbulent veloclcuies
away from the plate approached the values measured in the free Jet
closely enough so as to inadicate that no serious jet f{lapping
existed. DMNear the core (z/dN = 10) the upstream influence of the
plate extends some two jet half-breadths which at this location
is roughly two nozzle diameters. In the developed jet, the up-

stream influence becomes fixed at approximately 1.6 jet half-
breadths,
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4, EXPERIMENTAL RESULTS - PRESSURE MEASUREMENTS

Before going on to discuss the heat transfer measurements
that were made, one more sat of measurements which were designed
to complete the specifications of the free jet being employed
should be presented. Measwrements were made of the fluctuations
in total pressure on the centerline of the free jet and at the
stagnation point of the 1impingement plate, These measurements
were made at 200 ft/sec for axial pcsitions z/dN = 10, 20, and
30. The nondimensional spectra of these total pressure fluctua-
tions in the free Jet are shown in Fig, 4.1. As in the case of
the other curbulent spectra which have been reported, it would
appear that total pressure fluctuations also become of similiar
form for z/dy > 20.* The spectra of p'2 at the stagnation
point of the impingement plate are shown in Fig. 4.2, Here again
the spectra appear similar for z/dN > 20 except for what 1s
felt to be an experimental difficulty at the higher frequencies,
It 1s of some interest tc¢ compare these data with the measurements
obtained by Strong, Sicdon, and Chu [27] for a jet of nozzle
Reyr.olds number Re, = 2.8 x 10° and at z/dN =7 . While one
would not expect these spectra to agree exactly, the general forms
of the spectra are similar,

. The spectra Just presented can be integrated to obtailn
p'z/qé? . These nondimensional total pressure fluctuations are
plotted in Fig. 4.3 as a function of z/dy . It is easily seen
from these results that the root-mean-square pressure fluctuation
at the stagnation point of the iupingement plate is roughly 70
percent of the rms tctal pressure fluctuation in the free jet

at an equlvalent z/dN . One may also note the good agreement
between the present measurements and those of Strong, et al.

* The lack of similarity of these spectra at the higher wave
numbers, although this has not yet been traced down, 1is thought
to be due to difficulties in obtaining a proper transfer function
for the pressure transducer at the higher frequencies.
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5. EXPERIMENTAL RESULTS - HEAT TRANGFER

Having vresented a fairly detalled description of the free
Jet 1n which this study of impingement heating was carriled out,
we now proceed to a discussicn of the actual heat transfer
measurements, Table 5,1 indicates the heat transfer distribution
tests which were made. Listed in the table are the nozzle velo-
cities and z/dN for which measurements were made together with
the pertinent values of local centerline velocity, jJet half-breadth,
and local Reynolds number. Note the approximate constancy of Re5
with z/dN for a fixed nozzle velocity. This constancy is
expected in the developed region of the free jet.

Figures 5.1 and 5,2 are typical plots of heat transfer distr:i-
butions on the impingement plate. These particular distributions
of film coefficient h = q/AT versus r have been selected as
they were taken at the lowest and highest Reynolds numbere at
which tests were made, It will be noted that the general
character of these curves follows the behavior discussed in the
introduction of this report; that is, the stagnation point heating
is relatively high compared to the wall heating at low Reynolds
number and this ratio becomes smaller as the Reynolds number i3
increased, Some liberty has been taken in fairing the curves in
Figs. 5.1 and 5.2 as a result of knowledge of the behavior of the
various individual heat gages gained during the performance of
many tests, In general, 1t was found that the heat transfer near
the stagnation point behaved in a manner similar to that of a
laminar boundary layer on a surface having the same pressure
distribution. The heat transfer rates were, however, a factor of
1.5 to 2 times larger than the calculated laminar values. Away
from the stagnation point on the plate, it was found that the
heat transfer behaved in a manner similar to a normal turbulent
boundary layer which developed ia an external flow having a free
stream velocity equal to the local maximum velocity in the wall
Jet. A more precise statement of this braavior is given in [28)

which reports a theoretical study done in ccnjuaction with the
present experimental ctudy,
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Table 5.1
| 1' — T —
1 o -_““v_vi_i_i/sec
gL 200 | 200 500 700
v dy
Wc 177 ft/sec !
7 r i .345 in.
5 }4
Re 3.12 % 10
> |
Wc 134 c2h Lo1
10 r. 450 .398 .386
2 4 4 | L
Reg =! 3.08 x 10" | 4.55 x 10" |7.89 x 10
{
X {
W, 90 149 257
15 ¢ rg =] .670 ol 538 572 |
Re, =1 3.16 x 107 | 4.4 x 10% | 7,51 x 107
W, =| 69 109 190 a
20 | rg =i .931 .838 .790 i
Reg 3,28 x 10" 4,67 x 10° | 7.67 X 1o”i
41_
W, 45 70 120 | 168
30 r5 1.43 1,39 L3 ; 1.30
Re; =| 3.28 x 104 497 X 10 '8.15 x 10%| 1.12 x 105
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Because of the great difference between the behavior of the
heat transfer at and riear the stagnation point and in the developed
wall Jet, it 18 convenlent to discuss the measurements in these
regions separately,

Stagnation Point Heat Transfer.

In Fig. 5.3 the measured stagnation point heat rates made
dimensionless by means of the expected laminar heat transfer rates
are plotted as functions of z/dN . The laminar heat transfer
rates were obtained from the relation [29]

c du
. _ "p [/ e 0 1
Bam = pm(dz- r=0(‘c Ty (5.1)

vaPr v

For the particular conditions at which these tests were run, this
relation reduces to

2 ., /7du
2 = 6.95 x 10 1/ (—ﬁ)ﬁo (5.2)

Foi- each of the test conditions, the stagnation point velocity
gradient (du_ /dr) was evaluated from the data given in [1}.
and these are the exact values of q1am used in Fig. 5.3. Be ore
going on to discuss Fig. 5.3, it will be useful to note that if
the stagnation point velocity gradient is written

COML

then Eq. (5.1) can be written in the form cf a Nusself number and
a Reynolds number based on the local free jet half-br~adth as

(5.3)

"S

Nug =/ % VReg (5.4)

where Pr 1is the Prandtl number,
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Figure 5.3. Ratilo of measured heat transfer to that predicted by
laminar theory at the stagnation point of the impinging Jet.




e G 0N O D BB DG

5-3

If a 1s taken to be the value found for fully developed free Jjets,
namely, a = 1,13 [1] , then for the conditions of these tests

Nu
—=2 = 0,635 (5.5)

vRe_
D

Returning to Fiz, 5.3, 1t may be seen that the stagnation
point heat tranzfer 1s lerger than tnat predicted for a true
laminar flow by a factor that is a function of z/dN . There does
not seem tc be any ceasistent effect of Reynolds number that can
be discerred from the data, Comparing Fig., 5.3 with Filg. 3.5 and
noting the som:what ~imilar behavior of the two curves might lead
one to suvusvect that it wes the turbulence level in the Jet prior
to stagnation that was causing the increased laminar heat transfer
rates, As mentionea in the introduction, similar increases in
stegnation point heat transfer have been meacurad on spheres and
cylinders in flows having approximately homogeneous turbvlence
procuced by gridi., Ia these experinonts it has been pointed out
that thers are two rrelmary paramet:=rs that affect the results;
the relative turbulent Intensity and the ratio of the integral
scale of the turbuleace to the scale of the body in question, In
a free Jet one of these parameters s swppresced, since, as has
been shovn earlizsr, the ratio of 1ntagrz) scale to the local scale
lenzth 1s a constant.* In view of tuls, there is stown in Fig,
5.4 2 plot of é/élam versus the average relative turbulent
intensity in the free jet E?ﬁc, where

- e — i o ————

SR b (5.6

There 1s seen to be a gereral increcase in d/élam with turbulent
intensity, but the scatter of the data at the higher intensities

*In a fuily dew2ioped fyce jet, the cnly local scalce length is,
of course, the hali'-brenath of the juot,
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is somewhat large. This scatter is somewhat larger than can be
attributed to any one step in arriving at data plotted in Fig. 5.4,
but perhaps an accumulation of differences can account for the
scatter when one consliders the broblem of gsing from conditions
defired in a free jet to conditions in a given jet impingement,

In spite of the scatter evident in Fig, 5.4, it is clear that
there does not seem to be any strong effect of Reynolds number,

It 1s of interest to compare the results just presented with
the results of recent investigators for the effect of turbulence
on heat transfer to cylinders in a uniform turbulent stream, It
must be realized that this 1s not exactly a legitimate comparison
since 1t compares results from two-dimensional flow with those of
axisymmetric flow, and results from homogeneous turbulence with
results from nonhomogeneous turbulence, In addition, in one
circumstance, the velocity gradient at the stagnation point is
caused by body curvature while in the other the same gradient is
caused by the rotational velocity profile of the impinging Jet.
Nevertheless, on Fig, 5.5, which is a repetition of the data
given in Fig. 12 of [12], we have plotted the results of cur
measurements, 1In order to have rough equivalence, the Reynolds
number based on dlameter, used by Smith ancd Kuethe, has been
replaced by the Reynolds number based on twice the half-breadth
in plotting the free jJet data, It can be seen that the order of
magnitude of the effect of turbulence is about the same as has
been found by other investigators, In detaill, however, the
results are quilte different. Close examination cf the data shows
that the effect of Reynolds number is not nearly aa pronounced in
our axipymmetric free jet results as has been found to be the case
for cylinders in uniform turbulent flow,

Before golng on to discuss the heat transfer away from the
stagnation point, it may be useful to present, in Fig, 5.6, a
plot of Nub/Vﬁf_ versus Reynolds number, together with the
expected accuracy of determining Nu //ﬁes that results from the
measurement of q and the evaluation of qlam from measured
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values of (due/dr)r=O . It would appear, as has been stated
earlier, that there is nc discernible effect of Reynolds number

that can be gleaned from these data,

Heat Transfer Close to the St.gnation Point,

Close to the stagnation pcint, the boundary layer behaves as
a laminar layer disturbed by having embedded in it the turnulence
carried in from the free Jet, In the experiments reported here,
this region 1s not well instrumented. The rumber of heat transfer
gages in this region near the stagnation point was not large and
these gages proved, unfortunately, to be some of those which had
large variations from the mean in their behavior., As a result of
these variatiors, it 18 difficult to make detalled comments
concerning the measured distributions ¢f heat transfer near the
stagnation point, It dees appear, however, that the actuai heat
transfers fall off with r/r5 at a rate slightly greater than
that predicted by correcting the normal distridution of laminar
heat transfer by a turbulence factor equal to that measured at
the stagnation point, This may be seen from an inspection of
Fig., 5.7 where the measured heat transfers near the stagnation
point are compared for the zase of z/dN = 30, Although a great
deal more work i1s needed before the exact nature of this near-
stagnation point heat transfer fall-off is understood, it is
suggested that, for most engineering computations at large
Reynolds numbers, sufficient accuracy will be achieved by applying
the stagnation point turbulence correction factor to the normal
laminar heat transfer rates in order to estimate local heating
near the stagnation point of impinging flows, If such & procedure
1s foliowed, it will be found that t. . heat transfer in the region
near the stagnation point will be proportional to the square root
of Re5 and will be a decreasing function of r/r5 similar to
the distributions shown in Fig, 1.3.
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Heat Transfer Far {rom the Stegnation Point.

Once transition has cccurred in the developing axially
symmetric wall jet & a point away from the stagnation point, the
behavior of the heat transfer is qulte different from that in the
vicinity of r =0, 1Indeed, based on a simplified analysis of
the development cf a turbulent boundary layer in a flow whose
external velocity falls off as does the maximum velocity in the
wall jet, one would expect, at large distances from the stagnaticn
peint, 1.e., r/r5 >> 1 , that the Nusselt number based on the
length r would be proportional to the eight-tenths power of the
Reynolds numaber based on r5 s hamely,

; 8

Nu = ﬁ%%-= conet (Res)' (5.7)
or, if Nu5 = qrs/kAT 3
Nu r
—1-5—-§= const 7? (5.8)
(Re5)'

In view of this relation for r/r5 >> 1 , we might expect a
generalization of Eq, {5.8) for smaller r/r5 to be of the form

Nu 7
——5—8= £ —r'-} (5.9)
(Reg) 2

In figs, 5.8 through 5.11 the measured heat transfer distri-
butions have been plotted in the form indicated by Eq. (5.9),
namely, as Nu5 as a function of r/r5 . It should be noted that
the scatter of the data is largest in Fig, 5.8 and 1n particular
for the cases of z/dN of 20 and 30, These conditlions represented
the lowest heat transfer rates measured and are those for which the
experimental errors are largest, As the Reynolds number was
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increased and the general level of heat transfer increased, the
scatter in the data cecreases (see Figs. 5.9 through 5,11).

When the data are plotted as in Figs. 5.8 through 5.11 for
a fixed Reynolds number, only one curve of Nu. versus r/r5
should result at r,/r5 > 1 ., Thus the data scatter at large
r/r5 in these figures is truly a1 measure cf experimental accuracy
which for low velocity and large z/dN was poor, On the other
hand, when all the data shown in Figs., 5.8 through 5.11 and
obtained at different Reynolds numbers are plotted on the same
graph as is done in Fig, 5,12, the fact that for r/r5 equal to
approximately 2 or greater all the data fall on one curve within
the expected experimental accuracy indicates that a relationship
such as that given in Eq, (5.9) is valid.
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